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ABSTRACT

Author: Patki, Priyam, V. MS
Institution: Purdue University
Degree Received: May 2018
Title: Microstructure Evolution and Tem in situ Mechanical Testing of Proton Irradiated
Nanocrystalline Copper Tantalum Alloy
Major Professor: Janelle Wharry
Nanocrystalline alloys have always fascinated researchers due to their enhanced
properties as compared to their bulk counterparts. There has been a rising interest in the
nanocrystalline CuTa alloy system due to its high grain stability for temperatures up to 0.7Tm.
In the scope of this thesis we studied the microstructure evolution of proton irradiated Cu10%Ta 700⁰ C and we performed TEM in situ mechanical. Microstructure studies showed
increase in phase size with increase in dose, defect imaging in Transmission electron
microscope (TEM) showed presence of Stacking Fault Tetrahedra (SFT) with an average size
of 4 nm and a number density of 1.5×1022 m-3 and Cu grain size was found to be 77 nm ±
14.76 nm, the grain size in the as received sample was reported to be 70 nm signifying no
grain growth due to irradiation. TEM in situ mechanical tests were carried out using
compression pillars. Yield stress values of as received sample and the proton irradiated
sample were in the same range suggesting little to no hardening due to irradiation. This is
confirmed by using dispersed barrier hardening model which relates the microstructure of the
alloy to its yield stress, the change in yield stress was found to be 8 MPa due to SFT,
confirming the results obtained in the TEM in situ mechanical tests. The obstacle spacing in
the material due to SFT was found to be 125 nm, considering grain boundaries and
precipitates would only further reduce the obstacle spacing making results from
nanomechanical tests viable without worrying about size effects.
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CHAPTER 1. INTRODUCTION

Nanocrystalline (NC) materials are increasingly being researched due to their enhanced
properties as compared to conventional materials. Understanding how nanocrystalline
materials behave in different environments will help us tailor materials as per our
requirement. Due to their increased toughness and thermal grain size stability, nanocrystalline
alloys are being considered for use in structural components of future nuclear reactors. We
will be using ion irradiation to scope the viability of this alloy in extreme environments of
nuclear reactors. As ion irradiation results in a very shallow layer of damage, we will be
resorting to TEM in situ mechanical testing to gauge the change in properties of the irradiated
region [1].
A drawback of using TEM in situ mechanical testing is that the specimens are nano-scaled
and may exhibit size effects i.e. show an increase in mechanical properties as compared to the
bulk properties. Recent studies have shown irradiated alloys have a reduced threshold size i.e.
decreased minimum size without exhibiting any size effects due to the irradiation induced
defects [2].
We will be focusing this study on the newly developed nanocrystalline copper - 10%
tantalum alloy by the US Army Research Laboratory, Maryland which shows high thermal
grain size stability at elevated temperatures up to melting point of pure copper. This alloy has
been developed with the goal to create a radiation tolerant material. The tantalum
nanoclusters stabilize and strengthen the copper matrix and the high volume of grain
boundaries which serve as pre-existing sinks for radiation induced defects. We hypothesize
that we would be able to carry out the nano-mechanical tests without worrying about the size
effects due to the nanocrystalline structure of the alloy.
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The objective of this research is to examine the microstructure evolution and to carry out
TEM in situ mechanical testing of proton irradiated NC Cu-10%Ta 700°C to study size
effects and change in yield stress in the alloy due to irradiation.
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CHAPTER 2. BACKGROUND

There has been a lot of research on the structure and properties of Nanocrystalline materials.
First, nanocrystalline materials are materials having grain size less than 100 nm. Due to such
small grain size many atoms are located near the grain boundaries giving the material
enhanced or special properties [3], [4]. The main interest in nanocrystalline materials is due
potential improvements in mechanical properties over coarser grained materials due to the
Hall-Petch relationship [5], [6] which is given as,
𝜎𝑦 = 𝜎0 +

𝑘
√𝑑
Equation 1

Where, 𝜎𝑦 is the yield stress, 𝜎0 is the friction stress, k is a constant and d is the grain size.
Therefore, with decreasing grain size the yield stress keeps increasing.
Even though there are not any nanocrystalline materials being used as components mainly
due to difficulties in large scale fabrication processes there is a great potential for applications
soon. Extensive research is going on to tailor make nanocrystalline alloys for the required
application, in this research we will be studying about one such nanocrystalline alloy having
high grain size stability and having high hardness properties.
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2.1 Nanocrystalline Copper Tantalum Alloy
This alloy has been prepared at the US Army Research Lab, Maryland, consisting of Copper
and 10% Tantalum prepared by high energy milling of copper and tantalum powders for 8
hours while being cooled using nitrogen. The milled powder is placed in a nickel can and is
subjected to pure Argon gas at 700⁰ C for 40 minutes. The cans are then quickly put into an
Equal Channel Angular Extrusion (ECAE) tool where it is extruded at 90⁰ and the process is
repeated 4 times resulting in a total strain of 450%. The fabrication method has been
extensively discussed in [7].
The main motivation to test this alloy is its high grain size stability at temperatures up to 70%
of melting temperature that is around 700⁰ C to 800⁰ C. [8] Depicts the grain size stability by
running a simulation on nanocrystalline pure copper and copper tantalum alloy being
subjected to 1200K for 18 ns as depicted in Figure 1. It can be clearly seen there is no visible
grain growth taking place in CuTa alloy.
Figure 2 shows the CuTa microstructure, the dark contrast phases in the microstructure are
the Tantalum phases. Figure 3,4 shows the copper grain size distribution and the tantalum
phase size distribution in the alloy system as analysed in [7]. The copper grains show a mean
size of 70 nm and the tantalum phases show a bimodal distribution with a mean size of 7 nm
and 40 nm.
The CuTa alloy was subjected to various bulk mechanical tests in [7] for which the results
have been summarized and compared to the pure Cu and Ta nanocrystalline material [9]–[13]
in Table 1. CuTa alloy exhibits thrice the hardness of NC pure copper material which makes
it an attractive material for use as a structural component. This is due to the Tantalum
nanoclusters throughout the copper matrix which imparts a large amount of strengthening to
the Copper matrix over the strengthening due to the grain size alone [14].
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2.2 Irradiation effects
Bombardment of high energy ions or neutrons leads to damage cascades in materials, which
leads to high concentration of vacancies and interstitials in those regions which leads to
irradiation induced hardening.
When an energetic particle is incident onto a material, it transfers its kinetic energy to the
atom on which it is incident. If the transferred energy is greater than the energy by which the
atom is held in its lattice position, then the atom is knocked out of its lattice position. This
particle is the Primary Knock on Atom (PKA) and then keeps on traveling through the lattice
until it loses all its kinetic energy resulting in finally coming to rest (Figure 5). The PKA
creates several vacancies and interstitials as it hits other atoms in the lattice which is known
as the damage cascade. This gives rise to phenomenon described in [15], [16] namely the
following:
2.2.1 Radiation induced defects (Dislocation loops and Stacking Fault Tetrahedra)
Dislocation loops (Figure 6) are important because they are more likely to nucleate when
damage cascades take place. When a vacancy core or interstitial shell get stuck between close
packed planes, frank loops are produced they can be in BCC or FCC type materials.
Dislocation loops can be of the intrinsic or extrinsic type. If we consider a FCC material with
a stacking sequence of ABCABC, if one plane is missing then it is of the intrinsic type and if
a plane is added then it is of the extrinsic type. Dislocation loops have a b normal to <111>
and have a burger’s vector of 𝑎/3[111], where 𝑎 represents the lattice parameter. Dislocation
loops are sessile and immobile and can only unfault by reacting with a dislocation line
forming a perfect loop [15].
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Stacking Fault Tetrahedra (SFT) is another type of stacking fault formed in materials due to
irradiation. SFTs evolve from dislocation loops which lie on the <111> plane with its edges
parallel to <110> plane. Such a dislocation loop lowers its energy into a Shockley
dislocation, which is a pair of dislocations which can lead to stacking faults, and a stair rod
dislocation. 3 such pairs of Shockley dislocation and stair dislocations are formed at the
edges of the tetrahedral (Figure 7). SFTs can be imagined to be a dislocation loop in the
<111> plane surrounded by 3 dislocation loops in the <110> direction making it a stair rod
dislocation [15]. SFTs are very difficult to be annihilated and act as strong obstacles towards
gliding dislocations causing changes in the mechanical properties such as increase in
hardness or embrittlement [17].
Both dislocation loops and Stacking Fault Tetrahedra (SFT) are formed due to vacancy
clusters. Dislocation loops are 2D faults in stacking whereas SFTs are 3D faults in the stacks
in a tetrahedral shape [15].
It has been confirmed from [2], [18], [19] that FCC metals tend to show SFTs (Figure 8) due
to the presence of close packed planes in FCC materials. CuTa alloy contains coherent Ta
nanocluster [7] and hence is a FCC structure material making it more susceptible to SFT
formation.
In some cases when the material is irradiated at temperatures 500°C and higher, loops tend to
migrate towards sink and get annihilated at sinks such as grain boundaries or dislocation lines
which reduces the number density of defects [20].
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2.2.2 Voids
Voids occur at temperatures 0.3 melting temperature to 0.5 melting temperature caused due
to rapid recombination of mobile interstitials and immobile vacancies. Void growth has been
explained by the rate model given by Brailsford and Bullough [21] where it was assumed that
sinks have a continuous distribution, each sink type has its own strength and no spatial
dependence of vacancy and interstitial concentrations [15]. The balance equations vacancies
and interstitials respectively are given by:
𝜕𝐶𝑣
𝑗
= 𝐾0 − ∑ 𝐴𝑣 − 𝑅𝑖𝑣
𝜕𝑥
𝑗

Equation 2
𝜕𝐶𝑖
𝑗
= 𝐾0 − ∑ 𝐴𝑖 − 𝑅𝑖𝑣
𝜕𝑥
𝑗

Equation 3
The first term on the right-hand side represents the production rate of vacancies and
interstitials respectively, second term represents the sum of loss rates due to sinks and the
third term represents annihilation of vacancies and interstitials by recombination. Grain
boundaries and precipitates act as neutral sink and affect the concentration of vacancies and
interstitials. Void growth equation can be determined from the net rate of change of vacancy
concentrations and is given by:
𝑑𝑉
= 4𝜋𝑅𝛺[𝐷𝑣 (𝐶𝑣 − 𝐶𝑣𝑉 ) − 𝐷𝑖 𝐶𝑖 ]
𝑑𝑡
Equation 4
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Where, 𝑅 is the radius of the void, 𝛺 is the defect volume, 𝐷𝑣,𝑖 is the diffusion coefficient for
vacancies and interstitials respectively and 𝐶𝑣𝑉 is the vacancy concentration at the void
surface. As we see void growth is directly dependent on concentration of vacancies and
interstitials which are dependent on loss rates to sinks i.e. to grain boundaries and
precipitates. So, when concentration of grain boundaries and precipitates increase the
concentration of vacancies and interstitials decrease leading to decrease in void growth.
CuTa alloy has tantalum precipitates which act as recombination sites for vacancies and
interstitials retarding void growth and they also retard dislocation climb for dislocations
which is necessary for them to act as sink for vacancies and interstitials, inhibiting void
growth [15]. Also CuTa alloy has high volume of grain boundaries due to its nanocrystalline
nature making it difficult to form interstitial loops thus creating a barrier which must be
overcome to initiate void growth in the material [15], [22], [23].
2.2.3 Radiation Induced Hardening
All the effects of irradiation mentioned above lead to hardening of material, as these defects
obstruct or pin the movement of the grains. The effects of radiation can be associated to
hardening by the dispersed barrier hardening model [15] to see how much the material would
harden due to that specific defect.
∆𝜎𝑦 = 𝛼𝑀𝜇𝑏√𝑁𝑑
Equation 5
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Where, ∆𝜎𝑦 is the change in yield stress, α is the strength of the specific barrier, M is the
upper limit for the ratio of uniaxial yield strength to resolved shear strength [24], µ is the
shear modulus, b is the burger’s vector, N is the number density of defects and d is the
average size of the defect [15].
The strength of the specific barrier is given by using the following equation:
𝛼=

1
𝑙
ln ( )
2𝜋
2𝑟𝑐
Equation 6

Where, 𝑙 = 1/√𝑁𝑑 is the obstacle spacing and 𝑟𝑐 is the core radius of the dislocation.

2.3 Ion Irradiation
Ion irradiations are often used to replicate neutron irradiation but do not take the same
amount of time, no induced radioactivity and cost very less. In our set of experiments, we
have proton irradiated the material as this type of irradiation is the closest replication of
neutron irradiation.
Proton irradiation has been demonstrated to be a good replication of neutron irradiation by
Was et. al. [25]. The formation of defects up to 5 dpa was consistent between both the types
of irradiation, but only for a dose higher than 5 dpa the neutron irradiation induced thrice the
number of defects than those observed in proton irradiation. The size of the dislocation loops
formed were also consistent between the two types of irradiation.
Proton irradiation is superior to electron or heavy ion irradiation in terms of energy required
to emulate neutrons, temperature and lower beam current requirements. Proton irradiations
gives a deeper damage profile making it possible to sometimes use conventional testing
methods such as micro-hardness tests.
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As we are using protons, the recoil energy of lattice atoms is very small leading to formation
of widely spaced cascades as compared to neutron irradiation. One more disadvantage of this
method is that it may sometimes induce sample activation.
In this experiment the sample was irradiated with protons to achieve a dose of 1 dpa which
resulted in a peak damage depth of 20 𝜇m and 1 dpa dose was achieved at 13 𝜇m as shown in
the next section. Different analysis techniques are required to account for this shallow depth
of damage such that the whole specimen is within the damage profile and we are not testing
bulk properties of the material.

2.4 Nano-mechanical Testing
To cross verify the results obtained from the dispersed barrier hardening model mentioned
before, experimentally determining the hardness of the material is necessary. When we use
conventional methods to determine the properties of ion irradiated material we get mixed
response from the irradiated and the un-irradiated sample. As the volume of the un-irradiated
material is much greater than the irradiated portion, conventional mechanical tests end up
giving us bulk properties of the materials and no information about the irradiation effects is
obtained.
There has been a lot of new micro-scale testing methods being pioneered such as tensile,
compression, nano-indentation, 4-point bending tests, etc to determine properties of smaller
scale specimens.
2.4.1 Micro-compression testing
Compression tests are widely used [2], [26], [27] to extract yield stress, young’s modulus and
other qualitative data. The sample making procedure and geometry is straightforward and has
been discussed in the next section. The compression pillars are made using Focused Ion
Beam (FIB) milling and are made using square geometries to reduce the effects of tapering.
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There have been tests using cylindrical geometry as well, it is just that the yield strength goes
on increasing with increase in taper angle [28]. So, to get consistent results, square geometry
has been used and also because in circular cross-section the TEM imaging conditions are not
consistent from left to right as the pillar is thin at the sides whereas it will be thicker in the
middle. The procedure used in this research has been followed from [1].
To perform these tests, we use the Hysitron/Bruker PI-95 pico-indenter with the flat diamond
punch attachment to perform the compression tests. The PI-95 works with the help of a
transducer which converts voltage applied to load applied or the load applied to voltage to get
displacement or load data respectively. This method provides a qualitative and quantitative
method of analysing the sample. Quantitatively it generates load vs displacement data
whereas qualitatively we can see the indentation happening, so we can view the
microstructural changes taking place during the indentation (Figure 8). Due to the scale of the
tests, the specimen tested can be entirely within the irradiated region.
It is preferred for the test to be carried out in load-controlled mode but to analyse size effects
displacement-controlled mode is recommended. During the test the tip has a holding time to
allow for creep and thermal drift effects to be accounted for.
Even though there are so many advantages to doing these small-scale tests there are various
shortcomings with this approach such as FIB induced damage, misalignment of indenter, size
effects and some criteria of the testing rig as discussed in [29]. Size effects is dominantly
seen in TEM in situ tests as the geometries of the specimens are much smaller (~100 nm).
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2.5 Size Effects
Size effects are prevalent in all sorts of mechanical testing methods, for example size effects
can be seen in tensile tests when the sample size is in few millimetres. Due to the very small
geometries of samples tested in TEM in situ mechanical tests the size effects are maximum.
This means that no size effects are seen in a material when the microstructure dominates the
behaviour of the material [1] for example if the grain size in a material is 500 nm then no size
effects are observed until one dimension of the specimen goes below 500 nm.
Size effects can be seen even if one of the dimension is below the threshold size such as the
thickness of a pillar [30] or diameter of a compression pillar [2]. An easy way to predict if the
material to be tested will show any size effects is by measuring the obstacle spacing in the
material. If the obstacle spacing in a material is less than the dimension of the specimen to be
tested, then no size effects will be observed. If a material has a grain size greater than the
specimen dimensions, then size effects can be avoided by introducing obstacles such as
precipitates or irradiation induced defects. This effect was seen in irradiated copper as it
undergoes grain enlargement under irradiation in Kiener et. al. [2].
2.5.1 Size Effect factors in CuTa Alloy
Due to Tantalum nanoclusters and the nanocrystalline nature of the alloy, CuTa alloy is
predicted to have a size threshold of 70 nm as the grain size itself is 70 nm. As irradiation is
going to lead to increase in obstacles in the matrix the obstacle spacing will be even lesser
because of which we will be able to carry out TEM in situ mechanical testing (i.e. sample
size can be <100 nm without worrying about getting quantifiable results) without worrying
about size effects (Figure 9).
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Figure 1: Simulation to show grain stability of CuTa alloy at high temperature with respect to
NC Pure Cu [8]
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Figure 2: Microstructure of Cu-10Ta 700⁰ C alloy depicted in [7]. The circled dark phases
are the Ta phases in the alloy matrix.
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Figure 3: Cu grain size distribution in Cu-10Ta 700⁰ C given in [7]
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Figure 4: Ta phase size distribution in Cu-10Ta 700⁰ C showing a bimodal distribution [7]
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Figure 5: Trajectory of a PKA after being hit by an energetic particle [31]
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Figure 6: TEM images of dislocation loops [15]
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Figure 7: A SFT formed by stacking faults on each of the faces of the tetrahedron [15]
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Figure 8: Nano-mechanical tests provide a qualitative as well as quantitative results for the
tests being carried out simultaneously while the whole tested region lies in the irradiated
region
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Figure 9: Graph of Yield stress vs Minimum dimension as predicted by Hosemann [32] for
observing size effects in Irradiated materials vs as received samples. Size effects in the
irradiated material are not seen due to the reduced obstacle spacing due to irradiation induced
defects.
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Table 1: Mechanical Properties of CuTa alloy in comparison to NC pure Cu and NC pure Ta
Property

Cu-10Ta 700⁰C

NC Pure Cu

NC Pure Ta

Vickers Hardness

3.75

2.55

4.10d

1.35

2.50d

Testing

1.05
Shear

Punch 0.69

0.42a

-

1.10

0.80b

1.30e

0.45b

0.90e

Testing
Quasistatic
compression testing

0.35b
Dynamic

1.47

0.88 – 0.55c

2.00
1.20e

Compression
Compression Yield 1.23

0.85

1.36

Stress

0.45

0.83

0.35
Shear Yield Stress

0.62

0.43

0.68

0.23

0.42

0.18

a

Nanocrystalline Cu with grain sizes 5 nm, 70 nm and 250 nm respectively

b

Nanocrystalline Cu with grain size 74 nm

c

Nanocrystalline Cu with grain sizes 35 nm and 300 nm

d

Nanocrystalline Ta with grain size 56 nm and 160 nm

e

Nanocrystalline Ta with grain size 44 nm and 250 nm
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CHAPTER 3. METHODS

3.1 Experiment
One bar of Copper 10%Tantalum alloy was provided by US Army Research Laboratory,
Weapons and Materials Research Directorate, Maryland. The bars are manufactured by highenergy cryogenic mechanical alloying, which are then consolidated into bulk nanostructured
specimens using equal channel angular extrusion (ECAE) at high temperatures of 700°
Celsius. Supplementary details about the manufacturing process of these of the bars are
available in [7].
The bar is prepared for ion irradiation by electrical discharge machining into
1.5mm×1.5mm×16mm bars. Each sample is mechanically polished using 4000 grit SiC
paper, followed by electron-polishing for 20 seconds in a 10% perchloric acid +90%
methanol solution maintained between -30 ° Celsius and -40 degree Celsius, with a 35V
applied potential between the specimen(anode) and platinum mesh cathode [1]. The sample
has been irradiated with 2 MeV H1+ ions to get a dose of 1 dpa at 500 ° Celsius in a 1.7 MV
General Ionex Tandetron accelerator at the Michigan Ion Beam Laboratory. The beam is
scanning at 255 Hz. The temperature is maintained at 500 ± 10 ° Celsius at high vacuum
pressures below 1.3*10-5 Pa. The beam current is supervised throughout the process to ensure
exact dose accumulation. The irradiation dose rate is 10-4 dpa/s.
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3.1.1 SRIM calculations
The displacement damage profile for 2 MeV H1+ ions normally incident on Cu-10%Ta is
calculated using the Stopping and Range of Ions in Matter (SRIM) 2013 program. The
simulation is run in quick Kinchin-Pease approximation calculation mode for 106 incident
H1+ ions with full damage cascades to get a smooth damage profile [33]. Inputs for
displacement energies and composition of each element in the alloy are added as per Table 2.
The program generates a vacancy.txt file consisting of total displacements per unit length per
ion which is converted to give the damage profile (Figure 10) for the given alloy.
3.1.2 Dose and Damage Calculations
Irradiation dose is dependent on the current of the incident proton beam and needs constant
monitoring to ensure appropriate amount of dose. The total charge incident on the stage is
used to measure the beam current. The computer then assigns an arbitrary count to every 𝜇C
of charge collected which is 106 counts/C. The number of counts recorded, then, is used to
determine the irradiation dose and plot the graph of dpa vs depth, according to the following
equation,
𝑎𝑡𝑜𝑚𝑠
𝐶
𝑐𝑜𝑢𝑛𝑡𝑠
2
𝑐𝑜𝑢𝑛𝑡𝑠 𝑁 ( 𝑐𝑚3 ) × 𝑞 (𝑖𝑜𝑛) × 𝐴𝑟𝑒𝑎(𝑐𝑚 ) × ( 𝐶 )
=
𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡𝑠
𝑑𝑝𝑎
𝑅𝑑 (𝑎𝑛𝑔𝑠𝑡𝑟𝑜𝑚𝑠. 𝑖𝑜𝑛)
Equation 7
where, N → Atomic Density = 8.34 × 1022 atoms/cm3
q → charge per incident ion = 1.6 × 10−19 C/ion
Area → Irradiation area = area inside the aperture = 1.0 cm2
R d → displacement rate from SRIM
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3.2 Transmission Electron Microscope (TEM) Lamella sample preparation
The lamella sample is fabricated by FIB machining for in-situ TEM analysis. The FIB work
mentioned here has been done on a FEI Quanta 3D FEG FIB at the Centre for Advanced
Energy Studies (CAES).
The FIB operating voltage is kept at 30 kV for creating the lamella sample whereas the
current is varied as per the precision of the cut. Before any machining, the irradiated surface
is first protected by depositing a 20 µm×3 µm×0.8 µm platinum strip over the area of
interest using a 0.1 nA beam current.
A lamella having approximately dimensions 18 µm×3 µm×15 µm (Figure 11) is lifted
normal to the surface by conventional FIB lift-out technique for TEM specimens [34] using
trenching cuts around the area of interest, using cleaning cross-section to free the lamella and
finally lifting the lamella using an Omniprobe needle. The lifted-out lamella is then placed on
to a Moly-grid as we have a copper rich alloy and is welded onto either post. The lamella is
welded to the grid at bottom corners of the lamella from both the front and back side.
The centre portion of the lamella is thinned by inclining the lamella 52±1.5 °, and currents
varying from 3 nA to 0.3 nA are used to thin the lamella. Reduce the current to get finer and
finer cuts. During the last step, the lamella is constantly monitored for hole formation as that
ensures that the area nearby the hole is extremely thin. Low voltage and low current cleaning
steps are performed to remove gallium deposition/damage.
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3.3 Mechanical Testing Sample preparation
Here we follow the sample preparation method mentioned in [1], where we fabricate the
micro-compression The FIB work mentioned here has been done on a FEI Quanta 3D FEG
FIB at the Centre for Advanced Energy Studies (CAES).
A three-pillar copper TEM half grid is adhered to the copper mount using conductive silver
epoxy a day before the lift-out of TEM lamella is done so that the silver epoxy glue sets in
perfectly (Figure 12). The grid wings are bent so that they do not interfere with the
Picoindenter during the mechanical testing.
The FIB operating voltage is kept at 30 kV throughout this experiment whereas the current is
varied as per the precision of the cut. Before any machining, the irradiated surface is
protected by depositing a 40 µm×3 µm×0.8 µm µm platinum strip over the region of interest
using a 0.3 nA beam current. A lamella having approximately dimensions 40 µm×3 µm×20
µm is lifted normal to the surface by conventional FIB lift-out technique for TEM specimens
[34] using trenching cuts around the area of interest, using cleaning cross-section to free the
lamella and finally lifting the lamella using an Omniprobe needle. We use the modified
method in [1] derived from [26], [27] to fabricate the compression pillars. Before attaching
the lamella to the grid, the centre post of the grid is milled using the FIB to get a straight edge
of >40 µm wide. The lamella is first brought closer to the grid such that centre post covers
two third of the lower part of the lamella before it is brought into contact with the post. A
platinum weld is done across the bottom length of the lamella after which the Omniprobe
needle is separated.

27
The stage is rotated ± 45° and fillet welds are done on the sides of the lamella on the top
portion of the lamella (Figure 13). The lamella is fixed on the centre post as it simplifies the
alignment of the indenter tip when testing in TEM. After the lamella is securely fixed, the
copper grid is then mounted onto 45° pre-tilted stage to facilitate perpendicular and normal
milling of the sample.
For making compression pillars, the lamella is made perpendicular or normal to the ion beam
by tilting the stage by 7° and then relatively inclining the stage by ±90°. The sample is kept
perpendicular to the ion beam and rectangular cross-section cut is made to create equally
spaced pillars of 3 µm length with a gap of approximately 2 µm. This facilitates 7-8 pillars on
one lamella. The lamella is then made normal to the beam and over-tilted by ±1.5°, to
account for the taper, to thin the pillars using cleaning cross-section cuts at 0.1 nA to 5 pA for
finer cuts. The target thickness varies from 400 nm to 100 nm for Cu-10%Ta 700°C sample
(Figure 16).
After thinning the pillars to the target thickness, we make the lamella perpendicular to the ion
beam to shape the pillars to the target dimensions. The height and width of all the pillars were
kept near 400 nm for all the pillars. Precautions should be taken to not mill away the weld
along the length of the lamella during the thinning process by keeping the depth of the cut to
0.1 µm.
In the shaping process the platinum layer on the top is removed. Cleaning cuts at 10 pA are
used from the left and right to achieve the target width. The platinum layer is removed at last
by using bottom to top cleaning cut to get the desired height of the pillar. Completed pillars
are shown in Figure 15 and Figure 16.
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3.4 Microstructure Analysis
3.4.1 TEM Analysis
Different kinds of microstructure analysis were carried out on the FEI Tecnai TF30-FEG
STwin STEM. We first perform Energy Filtered TEM on the lamella to determine the Ta
phases throughout the alloy matrix. We then use the TEM to get bright field images to
compare the different phase sizes at different depths of the CuTa alloy. We use EELS to
measure the thickness and get the composition of the alloy. The specifics of this analysis have
been covered in [35].
We then perform defect imaging, by switching to STEM mode. This is done by setting the
camera length to the highest possible distance while using the High Angle Annular Dark
Field (HAADF) detector and then tilt the 𝛼 and 𝛽 angles of the stage to make the grain in the
sample align with the zone axis based on the work of [36]. As we had a nanocrystalline
material aligning a grain to its zone axis was impossible, so we had to randomly tilt and
check if we could observe any radiation induced defects. We capture the image and then
count the defects to get the number density of the defects. We also perform High Resolution
TEM imaging to see how the defects look like at a very high magnification.
3.4.2 TEM in situ Mechanical Testing
The TEM in situ mechanical testing was done using Bruker/Hysitron PI-95 with the diamond
flat punch tip having a surface of width 2 µm, installed on the FEI Tecnai TF30-FEG STwin
STEM at CAES. The system comes with Hysitron TriboScan software which is used to
perform the compression tests and collect the load vs displacement data as well as
simultaneously obtain a video of the compression taking place. Pillars from both as received
CuTa 700⁰ C and proton irradiated CuTa 700⁰ C have been tested.
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The tests are carried out in displacement-controlled mode and are subjected to 30 seconds of
loading, 5 seconds of holding and 30 seconds of unloading period [1]. The displacement is
kept less than 50% of the pillar height to avoid buckling of the pillar. MJPEG compression is
used on the videos with a frame rate of 30 frames per second.
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Figure 10: SRIM simulation for 2 MeV proton irradiated Cu-10Ta alloy. Samples were
analysed between 7 microns and 13 microns of depth for microstructure analysis and TEM in
situ mechanical tests.
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Figure 11: An image taken in the FIB of a completely thinned lamella. The black contrast in
the film shows the initiation of a hole in the film meaning the area surrounding the film is the
thinnest.
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Figure 12: The copper grid is pasted on to the Cu mount using a silver epoxy. The grid wings
are bent to not interfere with the Pico-indenter [1].
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Figure 13: An illustration of the lamella welded onto the grid. The red rectangles mark the
weld zones and the blue line is the damage profile along the lamella.
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Figure 14: Pillar sites on the lamella. The pillars are first thinned to the target thickness using
cleaning cross-sections.
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Figure 15: The thinned portions are then shaped to get the appropriate pillar width and height
using cleaning cross-sections.
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Figure 16: TEM image of a completed pillar
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Table 2: Composition parameters used for SRIM calculations
Element

Copper – Cu

Tantalum – Ta

Silicon – Si

Composition (wt. %)

~85%

~10%

~5%

Displacement energy (eV)

25

36
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CHAPTER 4. RESULTS

4.1 Microstructure Analysis
Here we have analysed how the Ta phase in the alloy is affected by increasing dose and then
we have performed our microstructure analysis at the depth at which the dose is 1 dpa.
4.1.1 Phase Characterization and Phase Size analysis
The bright field image in Figure 17 shows change in phase shape as the depth goes on
increasing. The damage profile has been overlaid on the image to show that the phase shape
and size are changing with respect to dose. This analysis has been done to see if there is any
change in phase shape and size change with respect to increasing dose (Figure 17)
EFTEM analysis was performed for Ta Phase characterization at different depths of the
lamella. The Figures shown below show the zero-loss peak image on the left-hand side and
the images on the right are the Energy Filtered images characterizing Ta phases (The white
areas are rich in Ta) taken at different depths (Figure 18).
The phase sizes were calculated from the bright field images taken using the TEM. The dark
contrast phases were confirmed to be Ta phases during the EFTEM analysis. The phase size
was calculated by measuring the largest diameter of the phase. The phase sizes were analysed
at different depths from top of the lamella to the bottom of the lamella, meaning along the
damage profile (Figure 20). The average phase size calculated for the proton irradiated
sample ranged from 84 nm at the top to 145 nm at 10 µm and has been plotted as a function
of depth in Figure 21. The phase shape also seems to be changing from perfect circular shape
to distorted cloud like shape. Only bigger phases were considered while counting the phase
size, the smaller nanoclusters haven’t been considered in these calculations. The phase size
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distribution along the length of the lamella was also plotted (Figure 19). The peak value of
the size distribution graphs moves to the right as we move along the length of the lamella as
the dose increases signifying enlargement of phases and Figure 20 also shows a higher
overall distribution of Ta phases than the one seen in the as received sample (Figure 4).
4.1.2 Copper Grain Size
The copper grain size was calculated by marking the grain boundaries on the obtained STEM
images (Figure 22). The average grain size was calculated by measuring the number of
intersections made by a line of known length and following formula was used:
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑔𝑟𝑎𝑖𝑛 𝑠𝑖𝑧𝑒 =

𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑖𝑛𝑒 𝑢𝑠𝑒𝑑
𝑁𝑜. 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑠 𝑤𝑖𝑡ℎ 𝐺𝐵𝑠
Equation 8

Figure 23 shows the marked grain boundaries, while counting the intersections the
intersections with the Ta phases should be omitted and the intersections only with the grain
boundaries in the brighter contrast matrix should be counted. The average grain size in the
irradiated sample was found to be 77 nm ± 14.76 nm at the depth corresponding to a dose of
1 dpa. The average grain size in the as received sample as per [7] was 70 nm.
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4.1.3 STEM Imaging
The camera length was set to 12 meters (highest for the TEM used) to get highest contrast
and the signal obtained from the sample covers the entire detector and is maximum. The
lamella was arbitrarily tilted to align a grain to its zone axis to be able to see the radiation
induced defects. The image below shows the marked defects throughout the alloy matrix
(Figure 24). A high resolution TEM image of one of the defects showed a triangular defect
which signifies the presence of Stacking Fault Tetrahedra (Figure 25). This result has been
verified with previous publications showing FCC system alloys showing formation of SFT
due to irradiation. Table 3 shows the observed number density and average size of these
defects.
4.2 TEM in situ Mechanical Testing Results
The PI-95 with the diamond flat punch was used to perform the compression tests on the
fabricated pillars. The tests were carried out for 30 seconds of loading time, 5 seconds of
holding time and 30 seconds of unloading time. The pico-indenter was operated in
displacement-controlled mode, the displacement was kept <50% of the pillar height to avoid
buckling of the pillars. Qualitatively, in Figure 27 we can see the tantalum phases not
changing shape during the test, majority of the deformation takes place in the copper phase.
Quantitatively, the tests generated a load vs displacement data in a .txt file. The pillar height
and width can be found from the bright field images of the pillars whereas the pillar thickness
was determined using EELS. The following table shows the dimensions of the pillars tested.
The load vs displacement data can be converted to engineering stress vs strain data by
dividing the load by cross-sectional area i.e. the product of thickness and width of the pillar to
get stress and by dividing the displacement data by the total height of the pillar to get the
strain.
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The yield stress can be found by drawing a line parallel to the elastic region and get the
intersection with the graph. The yield stress values and elastic modulus values obtained have
been summarized in the table 5, 6. The pillars in which the yield stress values are less than
0.8 GPa do not have a flat geometry at the top of the pillar due to which the flat punch does
not contact the pillar at all places at the same time due to which we get underwhelming
results.
The values for the Young’s modulus can be obtained from the engineering stress vs strain
curves by finding the slope of the elastic region i.e. the region between zero stress and yield
stress. Figure 26 shows the distribution of young’s modulus with respect to the minimum dimension
of the sample. The bulk value for Young’s Modulus was 90 GPa as per [7].
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Figure 17: Dark field TEM image of the lamella showing the Ta phases in white contrast. The
Ta phases seem to get distorted as we go down the lamella. The red squares marked a,b,c and
d signify the area from which EFTEM analysis (Figure 20) has been performed. The red line
signifies the damage profile obtained from SRIM simulations due to irradiation
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Figure 18: These are images taken during the EFTEM analysis. The left images are all zero
loss peak images whereas the right ones show Ta phase in white contrast. a,b,c,d signify
pictures of the lamella taken from top to bottom. Each image is 2 microns deeper from each
other starting with a at the surface
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Figure 19: Size distribution of Ta phase along the length of the lamella. The peak value of the
distribution seems to be moving towards the right indicating the average size of the phase is
increasing. We can also observe how the number of smaller phases is decreasing along the
length of the lamella.
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Figure 20: Size distribution of Ta phases throughout the length of the lamella. Phase size
below 40 nm could not be resolved properly due to image resolution so have not been
counted in this histogram.
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Figure 21: Average phase size mapped along the length of the lamella to profile phase to see
changes in phase size along the damage profile of the material.
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Figure 22: STEM image of sample at a depth corresponding to dose 1 dpa.
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Figure 23: Same STEM image from Figure 21 with marked grain boundaries and phases
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Figure 24: STEM image of one of the grains in the alloy. The red circled regions show the
clearly visible loop like defects present in the matrix which were confirmed to be SFTs.
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Figure 25: HRTEM image of one of the SFT showing its characteristic triangular shape.

51

Figure 26: Distribution of yield stress values obtained from the TEM in situ mechanical tests
around the bulk yield stress value obtained in [7].
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Figure 27: Distribution of Elastic Modulus values obtained from the TEM in situ mechanical
tests with respect to the minimum dimension of the pillar
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Figure 28: TEM in situ mechanical testing taking place. Each image has been taken at an
interval of 5 secs to show the indentation taking place. The lower right image shows the load
vs displacement data obtained from this test.
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Table 3: The observed number density of SFT type defects and the average size (diameter) of
the SFT has been presented.
Sample
Proton irradiated CuTa 700°C

# Density of SFTs
1.597×1022 m-3

Average size of SFTs
4 nm
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Table 4: Yield Stress values obtained from TEM in situ mechanical testing of proton
irradiated Cu-10Ta 700⁰ C alloy
Proton Irradiated Cu-10%Ta Alloy
Pillar

Minimum Dimension

Yield Strength (GPa)

(nm)

Young’s Modulus
(GPa)

1

116.13

1.44

14.81

2

371.81

0.84

10.98

3

301.7

0.9

4.12

4

416.77

0.80

5.92

5

417.73

0.67

5.05

6

169.77

0.42

4.05

7

194.37

1.21

6.97

8

192.37

1.47

8.96

9

344.32

1.43

9.25
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Table 5: Yield Stress values obtained from TEM in situ mechanical testing of as received
Cu-10Ta 700⁰ C alloy
As received Cu-10%Ta alloy
Pillar

Minimum Dimension

Yield Stress (GPa)

(nm)

Young’s Modulus
(GPa)

1

294.9

0.90

7.06

2

262.77

1.07

5.45

3

388.56

1.06

9.85

4

289.33

0.94

5.65

5

139.22

1.17

3.62

6

229.86

0.65

5.89

7

296.51

0.86

4.76
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CHAPTER 5. DISCUSSION

5.1 Phase Shape and Size
As seen in Figure 17 and Figure 18, the phases are distorted and increasing in size as the dose
increases or the depth increases. As the surface is a big sink for defects the phases at the
surface do not really show any enlargement, but as we start going down the length of the
lamella, it becomes harder for the phases at the bottom to get rid of defects explaining why
we are able to see enlargement in phase sizes.
The size distribution plotted for the proton irradiated sample shows maximum number of
phases are of the size 70 nm to 80 nm in Figure 20. As we have not analysed nanoclusters
lesser than size 40 nm due to the resolution of the image let us consider the second half of the
size distribution of the Ta phases in the as received sample shown in Figure 4, the bigger
phases in this material lie in the range of 30 nm to 70 nm which is below the range for the
irradiated sample. Figure 20 shows the trend of the average phase sizes evolving with change
in dose in the material where the phase size seems to be increasing till 10 𝜇m up to an
average size of 145 nm but there is a decrease in average phase size with further irradiation to
a size of 95 nm. The increase in frequency of higher phase sizes and average phase size
indicates change in phase sizes due to irradiation as this was not observed in the as received
sample. A closer look at the phases also shows a darker phase surrounded by a lighter phase.
Several mechanisms have been proposed by Wharry et. al. [37] to explain change in phases
sizes due to irradiation such as ballistic dissolution, Ostwald ripening, irradiation-enhanced
diffusion and homogeneous nucleation.
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Ballistic dissolution is the phenomenon where atoms are removed from the nanoclusters due
to irradiation induced damage cascade. This leads to reduction in cluster sizes which is not
the case for us as we are observing increase in phase size, but ballistic dissolution might still
be taking place it is just not the dominant mechanism as there is increase in phase size.
Distinct nanoclusters can be observed populating near the bigger phases suggesting Ostwald
ripening. Ostwald Ripening is the phenomenon where smaller nanoclusters come together to
form bigger precipitates and is generally observed in incoherent phases. Darling et. al. [7]
states the Ta phases to be coherent so Ostwald ripening is not possible. The coherency of Ta
phases in the irradiated materials needs to be determined to determine if Ostwald ripening is
taking place or not.
Irradiation enhanced diffusion is another mechanism by which phase size can grow. In this
mechanism solutes in the matrix will either cluster together to form a new precipitate or
would go to a new nanocluster leading to growth of that phase or they can also diffuse out of
a big phase giving it a dark core and lighter shell-like structure and as the diffusivity is still
very less they can appear as if the phase has grown. But only this phenomenon can’t explain
the phase size growth, Wharry et. al. [37] states that it is not necessary for only one
mechanism to be present for phase evolution.
A combination of ballistic dissolution and Ostwald ripening has been observed in [38]–[42]
in Oxide Dispersed Strengthened (ODS) materials in which phase stability is observed.
Inverse Ostwald ripening is also being researched in which bigger nanoclusters are refined
due to irradiation forming small precipitates which nucleate to form new nanoclusters smaller
than the original one. This mechanism is possible if Ta particles are ejected out of the bigger
phases, which nucleate to form incoherent phases resulting in these phases accumulating i.e.
Ostwald ripening takes place to form a bigger phase.

59
To understand what mechanism is at play for increment in phase sizes, number density of
smaller Ta phases in the proton irradiated and as-received sample is necessary and coherency
of Ta phases in the irradiated materials needs to be determined.
Though irradiation induced Ostwald ripening seems like a possibility, the distortion in the
phases can also be due to the fabrication processes. As we can observe the phases seem to be
aligned as such they are flowing out in one direction. Literature review on ECAE process
show that phases may distort like this due to the extrusion [43]–[45]. Bigger phase sizes may
also be due to improper milling of the lamella causing overlapping phases to look like one
phase.
Further analysis using Atom Probe Tomography is needed to see how the phases have
evolved due to irradiation. Whether the core-shell structure [46] of the Ta clusters changes or
not due to irradiation also needs to be investigated.
5.2 Yield Stress
We tested different thickness compression pillars to determine the threshold size for TEM in

situ mechanical testing [2]. As our experiment was designed as per [1], we used thickness as
the minimum dimension instead of diameter to plot yield stress vs minimum dimension
(Figure 25). As we can see, there is a wide distribution of yield stress values for minimum
dimension less than 250 nm whereas for pillars with minimum dimension greater than 250
nm seem to have a narrow distribution. Though some of these pillars fall in the expected
range of yield stress values some of the values seem to be higher than the actual value and
some of them seem to be lower than the actual value.
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The narrow distribution of yield stress values for minimum dimension > 250 nm seems to be
consistent with [2] signifying potential size effects. To check whether the results obtained
from these tests is viable or not can be gauged from the obstacle line spacing to determine if
the results obtained were due to the microstructure of the material i.e. if size of the specimen
affected the tests or not. The obstacle spacing for the irradiated sample can be found by using
the following formula:
𝑙𝑆𝐹𝑇 =

1
√𝑁𝑆𝐹𝑇 𝑑
Equation 9

Where, NSFT is the number density of SFTs and d is the average size of SFTs. lSFT was found
to be 125 nm, which is smaller than any of the dimensions we have tested for the proton
irradiated sample. We have not accounted for precipitates and grain boundaries which will
further decrease the obstacle spacing hence we do not see any size effects in this material.
The minimum obstacle spacing based on SFTs was found to be 125 nm, but this value is not
so significant since the grain size of this material is in the range of 70 nm. So, based on this
size effects should not be evident for minimum dimensions above 100 nm.
5.3 Young’s Modulus
Figure 26 shows the distribution of Young’s Modulus vs minimum dimension for the pillars
obtained from the TEM in situ mechanical testing. These values ranging from 3 GPa to 9 GPa
are way lower than the elastic modulus values obtained from [7] which is found to be around
90 GPa. This difference in two values is due to the following two reasons: The deformation
in the base also needs to be accounted for and the Young’s modulus is significantly affected
by the inhomogeneity of the microstructure.
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To account for the deformation in the base, the visible deformation in the video should be
first adjusted and then the plasticity induced in the base material needs to be accounted for.
To correct the Young’s modulus Finite Element Analysis (FEM) is necessary as shown in [1]
to account for the plasticity in the base material of the pillar and is beyond the scope of this
thesis.
5.4 Irradiation Induced Defects
The defects induced due to irradiation cause irradiation hardening which can be quantified
using the dispersed barrier hardening model [15] given by equation 2:
∆𝜎𝑦 = 𝛼𝑀𝜇𝑏√𝑁𝑑
Equation 5
Where, ∆𝜎𝑦 is the change in yield stress, α = 0.22 [47] and 0.55 is the Orowan Strengthening
Coefficient of SFTs determined as equation 6, M = 3.06 is the upper limit for the ratio of
uniaxial yield strength to resolved shear strength [24], µ is the shear modulus determined
from [7], b = 0.255 in the <110> direction for SFTs, N is the number density of SFTs and d is
the average size of the SFTs [15].
The increase in yield stress due to the induced SFTs was found to be 7 MPa and 10.9 MPa for
the different values of the strengthening coefficient. Comparatively there isn’t significant
hardening taking place due to SFTs because of the high irradiation temperature 500°C due to
which the formation of irradiation induced defects was retarded i.e. competitive damage
production due to irradiation and damage recovery due to annealing is taking place.
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Nita et. al. [19] irradiated nanocrystalline Cu-0.5Al2O3 with a grain size of 178 nm with 590
MeV proton to achieve a dose of 0.91 dpa at room temperature, they observed SFTs with an
average size of 2.5 nm and a number density of 7.4×1022 m-3 which is in the same range as
the results shown here. The number density of defects is comparatively lower which is
attributed to the irradiation temperature of 500°C in our experiment. Kiener et. al. [2]
irradiated nanocrystalline Cu with 1.1 MeV of protons to a dose of 0.8 dpa in which they
observed SFTs with maximum frequency size of 2 nm and a number density of 1.4×10 23
which is a factor higher than our observed density which can again be attributed to the higher
irradiation temperature we have.
Another reason for lower amounts of irradiation hardening is because of the higher volume of
grain boundaries. Horsewell et. al. [48] irradiated pure Cu with 800 MeV protons at
temperatures of 40°C to 90°C and found the number density to be in the range of 1024 m-3
which is 2 factors higher than the number density we observed and is due to higher
temperature irradiation and annihilation of defects at grain boundaries in nanocrystalline
materials.
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CHAPTER 6. CONCLUSIONS & FUTURE WORK

From the results and the discussion carried out, it can be concluded that nanocrystalline CuTa
700°C alloy is irradiation resistant and the nano-crystallinity of the alloy allows us to use
TEM in situ mechanical testing method without being concerned about the size effects. The
grain size at the depth corresponding to 1 dpa was found to be in the same range as the as
received sample, meaning there is little to no grain enlargement due to irradiation in the alloy.
This is due to the Ta nanoclusters acting as pinning points to stop the movement of grain
boundaries.
Being a FCC structured alloy, the defects present in the sample can be concluded to all be
SFTs. The change in yield stress due to SFTs obtained from the dispersed barrier hardening
model seems to be very small, signifying little to no hardening due to irradiation in the alloy.
The yield stress values obtained for the as received sample and for the proton irradiated
sample from the TEM in situ mechanical tests are in the same ball park as of each other
showing no hardening due to irradiation has taken place and this is due to the high volume of
grain boundaries acting as sink to radiation induced defects and due to the high irradiation
temperature retarding the growth of irradiation induced defects. This is consistent with the
microstructure and the results obtained from the dispersed barrier hardening model.
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Also, we can see, a pillar with minimum dimension 106 nm shows yield stress in the same
range as of the bulk yield stress value signifying that there aren’t any size effects on the
mechanical testing which is due to the average grain size being 70 nm. If the thickness of the
compression pillars was less than 70 nm we would start seeing size effects in the values
obtained from the compression tests. We can subject this material to nano-mechanical tests
without worrying about the size effects.
Future work entails further analysis of the Ta phases, as we have not looked at what is
happening to the Ta nanoclusters present in the matrix. Reference [46] has reported that the
Ta phases show a core-shell structure, which would be interesting to see if there are any
changes in the core-shell structure of the phases. Further analysis using TEM is necessary to
see if these phases are coherent or not with the matrix material after irradiation by obtaining
high resolution images of the phases, obtaining number density before and after and size
distribution of the smaller nanoclusters after irradiation is necessary for further
microstructure work and determine what mechanism is affecting the change in phase size and
shape. A lot of smaller features were observed in the microstructure which need to be
resolved as truncated SFTs or Ta nanoclusters which can be done using atom probe
tomography.
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